The molecules benzo [a]pyrene (BaP) and 1-, 3-, and 6-nitrobenzo[a]pyrene (1-NBaP, 3-NBaP, 6-NBaP) are currently of significant interest due to their presence in respirable combustion exhaust particulates and their mutagenic and carcinogenic properties. Structure-function correlations as well as spectroscopic signatures for trace analysis are necessary for these benzo[a]pyrene derivatives. In this paper, detailed infrared and Raman spectroscopic data of BaP and its three mononitrated isomers are provided for the first time. By utilizing density functional theory (DFT, B3LYP method with 6-311+G** basis set), the molecular geometries and the vibrational spectra are calculated. Good agreement is noted between the calculated and experimental geometry for BaP, and predictions of the vibrational data for all compounds are within ∼5 cm -1 of the experimental data. Normal mode assignments are proposed with particular emphasis on the nitro group vibrations. The geometrical distortions of the BaP structure upon nitro group substitution and correlations between structural parameters and vibrational data as well as structure-function relationships related to the mutagenicity of this important class of polycyclic aromatic hydrocarbons are discussed.
Introduction
Nitro-substituted polycyclic aromatic hydrocarbons (NPAHs) are members of a class of environmental contaminants found in airborne particulate matter, fossil fuel combustion products, coal fly ash, cigarette smoke, and vehicular emissions, formed by reactions of polycyclic aromatic hydrocarbons (PAHs) with nitrogen oxides. [1] [2] [3] [4] [5] Because of their mutagenic, carcinogenic, tumorigenic, and teratogenic activities, NPAHs pose significant health threats to humans. 2, [5] [6] [7] [8] Typically, NPAHs can be 100 000 times more mutagenic and 10 times more carcinogenic as compared to the unsubstituted parent PAHs.
Past investigations [9] [10] [11] [12] [13] [14] have employed gas-phase, matrixassisted isolation methods (together with theoretical methods) to provide infrared (IR) spectroscopic and structural signatures of PAHs. For benzo [a] pyrene and its derivatives, detailed spectroscopic data are lacking. Such data are necessary for developing trace analysis of these compounds by sensitive vibrational spectroscopic techniques, such as surface enhanced spectroscopies. Also, the significant differences in the mutagenic properties between the various BaP nitro isomers (1-and 3-are more toxic than the 6-isomer) are related to their structure and correlations between vibrational spectra and biological activities can have predictive powers for toxicity of nitro-PAHs. While the Raman and IR spectra of BaP have been studied, [15] [16] [17] [18] [19] [20] its comprehensive normal-mode analysis is unavailable. For NPAHs, 21, 22 there are very few IR/Raman studies and even fewer normal-mode analyses. Carrasco et al. 23, 24 investigated the spectra of 2-nitrofluorene and 1-nitropyrene and have made normal mode assignments on the basis of both experimental and theoretical studies. For NBaPs, there are only two studies. Li et al. 8 made assignments of 6-nitrobenzo[a]pyrene (6-NBaP) on the basis of group frequency tables. Dyker et al.. 25 reported the synthesis of 1-and 3-nitrobenzo[a]pyrene (1-NBaP, and, as part of their analytical characterization, reported the frequencies of a few of the major infrared bands.
Because comprehensive experimental and theoretical studies of the important monosubstituted NBaPs are lacking, this study was undertaken with the following objectives:
(a) to obtain IR and Raman spectra of 1-, 3-, and 6-NBaP; (b) to perform DFT (B3LYP, 6-311+G**) calculations on BaP and 1-, 3-, and 6-NBaP to obtain geometrical data and the corresponding vibrational frequencies;
(c) to assign all experimental frequencies using normal-mode analysis.
On the basis of these experimental and theoretical data, we correlate the geometrical changes in the BaP structural motif with substitution of the nitro group at the different positions. Trends in the vibrational frequencies, especially those relating to the nitro group in the three isomers, are discussed. Finally, possible relationships between the structure of NBaPs and their biological activity are described.
Experimental Methods
Caution! All compounds in this study are known carcinogens and mutagens. Therefore all necessary safety precautions were taken in handling them.
Synthesis. All chemical reagents were of analytical grade and were purchased from Sigma-Aldrich (Milwaukee, WI). Benzo[a]pyrene was passed through a silica gel (200-430 mesh) column and cleaned up with hexane. NMR analytical grade solvents were purchased from Aldrich Chemical Co. (Milwaukee, WI). The 1-, 3-, and 6-nitrobenzo[a]pyrene (1-, 3-, and 6-NBaP) were synthesized by known published procedures. 6, 26, 27 The separation of 1-and 3-NBaP (with very close dipole moments, calculated as 6.4 and 6.5 D, respectively) was achieved via medium-pressure liquid chromatography (MPLC). The 1 H NMR chemical shifts in ppm, downfield from internal tetramethylsilane (TMS), and UV-vis spectra were confirmed in agreement with literature reports. 28 Instrumentation. Solution and solid FT infrared spectra were recorded on a Perkin-Elmer 16PC spectrometer equipped with deuterated triglycine sulfate (DTGS) detector. Solid FT-IR spectra were recorded on KBr (99% FT-IR grade, Aldrich) pellet at a resolution of 4 cm -1 in the 4000-450 cm -1 region. A total of 1000 scans or more were collected in the transmission mode. Solution FT-IR spectra were recorded in CCl 4 with two KBr windows for IR transmission down to 450 cm -1 with a 0.1 mm spacer. Raman spectra were recorded on a FT-Raman spectrometer on a Bruker model FRA-106 attachment, connected to an equinox 55 IR system with a quartz beam splitter. Radiation of 1064 nm from an ND:YAG Adlas laser was used for excitation at a power of 60-120 mW. The solid samples were placed in a brass holder. A total of 1000 or more scans were accumulated at a resolution of 4 cm -1 . Data acquisition was performed using Bruker OPUS software (version 4). A Blackman-Harris 3-term apodization function was used. Solution FT-Raman spectra were recorded in methylene chloride and chloroform. UV-vis spectra was recorded with a Shimadzu 2501PC spectrophotometer from 200 to 550 nm and confirmed to be in agreement with reports in the literature. 6, 7, 28 
Computational Details
All of the DFT calculations were performed with the GAUSSIAN 98 package 29 of programs at the Ohio Supercomputer Center. The geometries of all structures were fully optimized at the Becke three-parameter 30, 31 hybrid exchange functional combined with the Lee-Yang-Parr 32 correlation functional, with the standard 6-31G* 33 and 6-311+G** basis sets. In all computations, no constraints were imposed on the geometry. Full geometry optimization was performed until a stationary point for the local minima was found. All optimized geometries were confirmed to be stationary points or minima by a vibrational frequency calculation. The normal modes and vibrational frequencies were evaluated at the computed equilibrium geometries by analytic evaluation of energy second derivatives based on the harmonic approximation. Scaling factors of 0.9614 34 and 0.98 35 were used for vibrational frequencies at the B3LYP/6-31G* and B3LYP/6-311+G** levels, respectively. 36 Because of the large numbers of fundamental frequencies, the assignments of bands were made on the basis of potential energy distribution (PED) calculations by transforming the normal coordinate displacements from the Cartesian to an internal coordinate basis using the NMODES 37 program. Normal mode animations were made possible with the programs Molecule 1.3.5 and MOLEKEL 4.3. 38 Vibrational assignments of the experimental frequencies in this study are based upon (i) PEDs calculations derived from the B3LYP/6-311+G** level of theory, (ii) the description of the motions and comparisons of calculated and observed FT-Raman and FT-IR, and (iii) visual inspection of the eigenvectors for each mode. Optimized Cartesian coordinates, complete structural parameters, vibrational frequencies, and assignments are available in the Supporting Information (Tables S1-S13) .
Results
Assessment of Computational Methodology. To provide confidence in the calculations, the geometry of nitrobenzene and BaP was calculated using both 6-31G* and 6-311+G** and compared to available experimental data. [39] [40] [41] [42] Structural parameters for nitrobenzene on the basis of electron and microwave diffraction data have been reported, and singlecrystal X-ray diffraction on BaP has been performed. Figure 1 represents the numbering scheme of optimized structures of nitrobenzene, BaP, and 1-, 3-, and 6-NBaP used in the text. Using bond lengths (C-C, C-N, N-O), bond angles (C-C-C, O-N-O, C-C-N), and C-C-C-C and C-C-N-O dihedral angles, comparisons between experimental structural data and calculations were made (Table 1) . We note good agreement between calculated and available experimental data, 39 especially with the calculations done with the 6-311+G** basis set. For example, in nitrobenzene, the N-O bond distance is 1.2272/1.2234 Å 41 and the calculated value is 1.2245 Å. For BaP, the two shortest bonds are at C13-C14 and C8-C9 as observed from X-ray diffraction data 39 and are also predicted by the calculations. All of the subsequent sections will be focused on structural and vibrational data derived at the B3LYP/ 6311+G** level of theory.
Structures of the NBaPs. Though X-ray structural data are available for 6-NBaP, 43 no such data are available for 1-and 3-NBaP. Selected optimized structural parameters of BaP, 1-, 3-, and 6-NBaP are presented in Tables 2 and 3 , while the complete data set for BaP and the three nitro isomers is available in Supporting Information Tables S6-S9 .
1-Nitrobenzo[a]pyrene (1-NBaP).
Upon substitution of the nitro group in the 1-position, the shortest bonds still remain in the same part of the molecule (C8-C9, C13-C14 in BaP and C21-C22, C31-C32 in 1-NBaP), as shown in Table 2 . The C-N bond length is predicted as 1.4722 Å, and the N-O bond lengths are 1.2283 and 1.2276 Å. The ring is essentially planar, with largest C-C-C-C dihedral angle for C6-C5-C32-C31 of 1.4°and N2-C4-C5-C32 with a dihedral angle of 3°. Dihedral angles between the aromatic ring and atoms O1-N2-C4-C5 and O3-N2-C4-C25 were calculated as 29 and 27°, respectively (Table 2) .
3-Nitrobenzo[a]pyrene (3-NBaP).
The shortest bond lengths in 3-NBaP (C21-C22, C26-C27) are also located in the same position as in BaP. The C-N bond length is predicted to be 1.4732 Å, slightly longer than the 1-NBaP, and the N-O bond length is 1.2280 and 1.2275 Å, almost comparable to 3-NBaP. The ring is essentially planar, with the largest C-C-C-C dihedral angles for C22-C5-C6-C7 and C5-C4-C30-C29 predicted as 1.7 and 1.8°, respectively, and the N2-C4-C5-C22 with a dihedral angle of 2.7°. The C-H bond lengths change very little, as compared to BaP. The dihedral angles between the aromatic ring and the nitro group, i.e., O1-N2-C4-C5 and O3-N2-C4-C30, are calculated as 30.5 and 28.8°, respectively (Table 2 ). Table 2 compares the available X-ray structural data 43 with calculations for 6-NBaP and shows excellent agreement, providing confidence in the calculations for the other two isomers. The shortest C-C bond lengths were observed experimentally for C10-C11 and C16-C15 and are also predicted by the calculations. However, these bond lengths are shorter as compared to BaP (Table 2) indicating more double bond character. The experimental C-N bond length is 1.4752 Å, whereas the calculation suggests 1.4794 Å. The C-N bond lengths follow the order 6-> 1-> 3-NBaP, reflecting more single bond character in 6-NBaP. The experimental N-O bond lengths are 1.2052 and 1.2202 Å, whereas the calculated data are 1.2244 and 1.2246 Å. The trends in N-O bond lengths follow the order 1-∼3-> 6-NBaP. The dihedral angle between the BaP ring and the atoms O1-N2-C4-C5 and O3-N2-C4-C9 is 62.6 and 62.8°, respectively (Table 2) , which are ∼8°short of the experimentally determined X-ray torsional angles of 68.5-70.6°, 43 indicative of considerable outof-plane orientation of the nitro group relative to the aromatic plane. The ring is also planar, with the largest C-C-C-C dihedral angles predicted for C4-C5-C6-C7 and C7-C8-C9-C4 at 1.6°and the N2-C4-C5-C30 with 1.8°.
6-Nitrobenzo[a]pyrene (6-NBaP).
Vibrational Spectroscopy of NBaPs. Three regions of the spectrum were examined: (i) the C-H stretching (ν) (3200-2700 cm -1 ); (ii) in-plane (δ) vibrations (1700-1000 cm -1 ); (iii) out-of-plane (γ) vibrations (below 1000 cm -1 ). Assignments of the observed frequencies were made by comparisons with potential energy distribution data derived from calculations at the B3LYP/6-311+G** level of theory. The detailed vibrational frequencies and comprehensive assignments of BaP and NBaPs are presented in Supporting Information Tables S10-S13.
Bands in the 3200-2700 cm -1 Region. The spectrum of BaP is discussed followed by the nitrated derivatives in later sections. Although bands for BaP have been reported previously, we report new bands and provide detailed potential energy distribution of the fundamental absorptions.
BaP. Figure 2A shows the IR bands for BaP (both solution and dispersed in KBr), with prominent modes at 3030 (3039), 2925 (2927), and 2856 (2855) cm -1 , the numbers in parentheses representing solution data. In CCl 4 solution, the bands are better resolved. The strongest Raman bands were observed at 3052, 3031, 3075, and 3013 cm -1 in increasing order of intensity and shown in Figure S1 (Supporting Information data). The C-H stretching modes are assigned in Table S10 . Figure 2B shows the IR spectrum of 1-NBaP in the C-H stretching region, with prominent peaks at 2919 (2927 cm -1 in solution) and 2855 cm -1 . Instead of the prominent 3030 cm -1 band that is observed in BaP, several weak bands are observed in this region in 1-NBaP. Detailed assignments are provided in Table S11 (Supporting Information).
1-NBaP.
3-NBaP. Figure 2C shows the IR spectrum of 3-NBaP and a profile similar to that of 1-NBaP is observed, with prominent bands at 2920 (2927) and 2851 (2854) cm -1 (parentheses are solution data). The bands around 3030 cm -1 showed considerably weaker intensities than BaP. Detailed assignments are provided in Table S12 (Supporting Information).
6-NBaP. Figure 2D shows the IR spectrum of 6-NBaP, with strong bands at 2917 (2918) and 2848 (2850) cm -1 (parentheses are solution data). Weak bands were observed around 3030 cm -1 , consistent with the other NBaPs. From a characterization point of view, the nitro compounds can be distinguished from the parent BaP by the intensity of bands in the 3000-3100 cm -1 range. In addition, the strong bands at ∼2854 and 2927 cm -1 can be used to distinguish the 1-and 3-isomers from the 6-isomer. Detailed assignments for 6-NBaP are provided in Table S13 .
Bands in the 1700-1000 cm -1 Region. Frequencies in this region (Tables 3 and S10-S13) are mainly due to the C-H in-plane bends (δ) and C-C stretching (in the 1300-1000 cm -1 region) motions coupled with the ring C-C-H bending modes, as well as the symmetric and asymmetric nitro stretches.
BaP. Figure 3 compares the calculated, solid, and solution spectra of BaP. Figure 7A shows the Raman spectrum. The agreement between theory and experimental IR data for BaP is remarkable and, on average, within 5 cm -1 . Although frequencies of BaP have been reported, [16] [17] [18] [19] 44 no comprehensive assignments have been made. Figure 4 , with the detailed assignments in Table S11 (Supporting Information). The simulated frequencies are in good agreement with experimental bands, with average deviations of <5 cm -1 . The Raman spectrum is shown in Figure 7B . The nitro group vibrations were identified on the basis of comparisons between 1-NBaP and BaP, as well as examining the potential energy distributions. For the asymmetric (ν asNO2 ) NO 2 stretch, the calculations predict that bands at 1512, 1532, 1567, and 1580 cm -1 all have NO 2 motion, with the largest contribution for the 1532 cm -1 band. Figure 8A shows the normal mode corresponding to the 1532 cm -1 band. The corresponding experimental band in the solid IR is at 1519 cm -1 and in solution at 1523 cm -1 . In contrast to the IR band, the ν asNO2 Raman band, assigned at 1515 cm -1 , is very weak. Contributions to the symmetric nitro motion were found for bands calculated at 1312, 1324, and 1347 cm -1 , with major contributions to the 1312 and 1324 cm -1 band, the normal modes corresponding to which are shown in Figure 8A 3-NBaP. Figure 5 shows the IR spectra of 3-NBaP in the solid state and solution along with the calculated spectra. Figure  7C shows the Raman spectrum. The calculated frequencies are in fairly good agreement with the IR data with average deviations of <5 cm -1 , and detailed assignments of all observed bands are presented in Table S12 (Supporting Information). The overall appearances of the IR and Raman spectra are similar to those of 1-NBaP. The potential energy distributions suggest that bands at 1568, 1534, and 1511 cm -1 have contributions from the asymmetric nitro group vibration, with the prominent band being at 1534 cm -1 , the normal mode for which is shown in Figure 8B . The ν asNO2 IR band is at 1519 cm -1 in the solid state and 1525 cm -1 in solution. The corresponding Raman band at 1518 cm -1 is very weak. The calculated vibrational modes corresponding to ν sNO2 are predicted at 1329 and 1318 cm -1 , with minor contribution also to the 1308 cm -1 band. The corresponding experimental bands in the IR are at 1338, 1318, and 1310 cm -1 (solid) and 1338, 1319, and 1311 cm -1 (solution), whereas, in the Raman, bands appear at 1332, 1317, and 1310 cm -1 . The normal modes corresponding to ν sNO2 are shown in Figure 8B . The prominent bands in the Raman 6-NBaP. The IR and Raman spectra of 6-NBaP in the 1700-1000 cm -1 region are shown in Figures 6 and 7D . Vibrational data for 6-NBaP have been reported, 8 and assignments based on group tables have been made. The present studies provide more detailed vibrational assignments and are presented in Table  S13 (Supporting Information). In the ν asNO2 region, the calculations predict that the band at 1547 cm -1 is primarily a nitro asymmetric stretching mode, with the normal mode shown in Figure 8C . The band at 1565 cm -1 also has minor contributions from the asymmetric motion. The primary ν asNO2 band observed in the IR is at 1511 cm -1 , while, in solution, the band appears at 1528 cm -1 . The Raman spectrum shows a weak band at 1519 cm -1 . Calculations suggest that ν sNO2 is at 1361 cm -1 , and on the basis of the new bands that show up after 6-NO 2 substitution, we assign bands at 1365 cm -1 to the symmetric NO 2 stretch (solution 1374 cm -1 ). The normal mode corresponding to this vibration is shown in Figure 8C . Unlike 1-and 3-NBaP, the Raman spectrum of 6-NBaP shows no prominent band due to the ν sNO2 stretch; a very weak band is observed at 1366 cm -1 . The band at 1384 cm -1 in the IR (Raman 1383 cm -1 ) was previously assigned to a nitro group vibration. 8 We assign it to δ(C-H) on the C10-C11 positions coupled to ring ν(CC) stretches (calculation 1372 cm -1 ). The band at 1326 cm -1 has also been assigned to the ν sNO2 stretch, 8 but calculations suggest that it is a mode involving C-C stretch (ring).
TABLE 2: Selected C-C, C-N, and N-O Bond Lengths (Å) and C-C-N-O Dihedral Angles (deg) for BaP and 1-, 3-, and 6-Nitrobenzo[a]pyrene (B3LYP/6-311+G**) r(C-C) (Å) r(C-N) (Å) r(N-O) (Å) -C-C-N-O
There is marked similarity between the ν s/asNO2 stretches for 1-and 3-BaP. The C-C-N-O dihedral angle, i.e., orientation of the NO 2 group relative to the plane of the BaP ring, is similar in the 1-and 3-NBaP isomers (∼29°) as compared to the more out-of-plane orientation (62°) in 6-NBaP. With increased twisting, there will be reduced π-π interactions between the nitro group and the ring, leading to an elongated C-N bond and a reduced N-O bond length in 6-NBaP. This is reflected in the calculated C-N bond lengths, with 6-NBaP having the longest C-N bond by 0.006 Å (Table 2) . Indeed, the C-N bond length is shortest for the smallest calculated dihedral angle for the C-C-N-O nitro orientation. The asymmetric and especially the symmetric stretching vibrations of 6-NBaP occur at higher frequencies than the other two isomers.
Bands in the 1000-450 cm -1 Region. In general, bands below 1000 cm -1 are mainly characterized as out-of-plane C-H bends (γ(CH)). 45 Ring deformations mainly occur below 450 cm -1 . 46 The IR and Raman data are shown in Figures Bands below 450 cm -1 . IR spectra could not be obtained below 450 cm -1 . 46 Raman frequencies were matched with calculated frequencies, and their assignments were made in Tables S10-S13. The data are shown in Figure S4 in the Supporting Information.
Discussion
Perturbation of the Ring upon Nitro Group Substitution. Substitution of the NO 2 group on the BaP framework leads to major structural changes, primarily due to the steric interaction of the oxygens of the nitro group with the peri hydrogens. Starting with the optimized geometries of the three nitro isomers, the NO 2 group was brought into the plane of the aromatic ring (CCNO angle ) 180°), and the distances from the oxygen to the peri hydrogens in the same plane were determined. For 1-NBaP, the distances are 1.96 and 2.29 Å and, for 3-NBaP, 1.93 and 2.29 Å, whereas, for 6-NBaP, the distances are 1.69 and 1.70 Å. To ease the steric repulsion with the peri hydrogens, the geometric adjustments in the three isomers are quite different. For 1-and 3-NBaP, the ring at which the substitution occurs distorts slightly (as evidenced by the N2C4C5C32 angle of 3°for 1-NBaP and N2C4C5C22 angle of 2.7°for 3-NBaP) and the NO 2 group also rotates out of plane by ∼29°. However, for the 6-NBaP, the ring distortion is considerably smaller (N2C4C5C30 angle of 1.8°) and the NO 2 group is rotated by about 62.8°(68.5-70.6°from crystal data). 43 There are two structural aspects which are evident from these geometries. First, there is more flexibility of the ring at which the 1-and 3-substitutions take place. Second, because of the lack of flexibility of the ring, the nitro group at the 6-position has to undergo a significantly larger rotation out-of-plane to avoid the shorter O···H distances. Correlation between photocleavage of the NO 2 group and its orientation has been proposed; 47 e.g., for 9-nitroanthracene (9-NA), the C-C-N-O dihedral angle is 85°relative to the aromatic moiety and it is degraded faster as compared to 1-nitroanthracene (1-NA) on exposure to radiation. 48 On the basis of this correlation, the photodegradation of NBaPs should follow the order 6-NBaP > 1-≈ 3-NBaP.
Nitro Group Vibrations. The frequencies of the asymmetric and symmetric nitro vibrations increase as the NO 2 group rotates out of plane (especially evident in the IR spectra). This is particularly true for the symmetric stretch in the IR which varies from 1365 cm -1 in case of 6-NBaP to 1332-1310 and 1338-1318 cm -1 in case of 1-and 3-NBaP, respectively. These trends can be correlated with the lengthening of the C-N bond and shortening of the N-O bond as the NO 2 group rotates out of plane of the BaP ring (Tables 2 and 3 ).
The only other nitroPAH for which detailed vibrational studies, including calculations, have been reported is 1-nitropyrene (1-NPy), 23, 24 and a comparison with the present study of NBaP provides insight into the vibrational spectroscopy of these compounds. Geometry optimization of 1-NPy suggests that the NO 2 group is 32°out of the plane of the aromatic ring and is thus similar to 1-and 3-NBaP. The symmetric stretches of the nitro group of 1-NPy appear at ∼1310 and 1330 cm -1 and the asymmetric stretch appears at ∼1507 cm -1 , which compare very well with the data in Table 3 for 1-and 3-NBaP. The intensity profile in the nitro group stretching region of 1-NPy is also similar to that of the 1-and 3-NBaP isomers. However, the vibrational profile of 6-NBaP is quite distinct; the intensity of the symmetric nitro stretch in both the IR and Raman is very weak. It is unclear at this point if this pattern is related to the fact that the NO 2 group is significantly out-ofplane in the 6-NBaP isomer (62°), and only with detailed vibrational data on other nitropolycyclic aromatic hydrocarbons can the validity of these trends be established.
Biological Activity of N-BaPs. Nitrated BaPs exhibit different mutagenic properties against bacterial and mammalian cells. 5, 7, 27, 49 The mutagenic activities of 1-, 3-, and 6-NBaP against TA98 S. typhimurium (without an S9 microsomal treatment) were determined as 830, 2400, and 0 rev/(nmol/plate), respectively. In the same study, 1-and 3-NBaP each produced the same biological activities against the TA98NR (a nitroreductase-deficient strain). It has been suggested that the orientation of the nitro group relative to the BaP aromatic ring is an important structural feature that may be predictive of observed mutagenic effects. 8 The hypothesis is that the C-C-N-O dihedral angle determines the extent to which the NBaPs lock into the nitroreductase enzymes during reduction. The more planar orientation of the 1-and 3-NBaP favors the binding to the nitroreductase enzyme, as well as presence of the peri hydrogens at the 5-and 7-positions in 6-NBaP impedes the access of the molecule to the enzyme.
Conclusions
The isomeric 1-, 3-, and 6-nitrobenzo[a]pyrenes were synthesized, and their IR and Raman spectra were recorded. DFT calculations at the B3LYP/6-311+G** level of theory were used to calculate the geometry of the parent PAH and the nitro isomers, as well as to predict the vibrational spectra. Good agreement between the calculated and known crystal structures of nitrobenzene and benzo[a]pyrene provided confidence in the calculations. Complete vibrational assignments were made from potential energy distributions for the nitrated benzo[a]pyrenes, with particular emphasis on the nitro group vibrations. On the basis of these results, correlations between the vibrational spectra and structural parameters such as C-C-N-O dihedral angles and the C-N and N-O bond lengths have been made. In addition, correlations between the biological activity of the N-BaPs and structural features are indicated. 
